atmosphere for x = 0.10. From our study, 10 wt % of Zn seems to be optimum at the B-site of the perovskite structure. All the properties studied here suggest it can be a promising candidate of electrolyte for IT-SOFCs.
Introduction
Fuel cells have very good impact to resolve the present energy demands in the world. Solid oxide fuel cells (SOFCs) operate at intermediate temperature have attracted much interest worldwide because of their affordability, prospective long term stability and wide range of applications (including accommodation and transports) [1] - [3] . In the modern ages, the proton conducting electrolytes get a great enhancement in SOFCs technologies operating in intermediate temperatures.
For an extensive range of technological applications such as batteries, gas and humidity sensors, separators, supercapacitors, fuel cells, hydrogenation or dehydrogenation of hydrocarbon electrolysers, there are increasing interests in proton-conducting electrolytes for SOFCs [1] - [7] .
At a temperature below 600°C, doped ceria based materials potentially meet the utmost necessities for fuel-cell operation, appears to be the best available electrolyte materials [4] , [8] - [9] . Though, comprising the protonic conductivity and indeterminate perfunctory of reliability below the fuelcell working conditions some significant issues are still remain challenges. The electrolyte operates at low temperature show very potential candidate because of their low activation energy (AE) of protons conduction. Many perovskite-type oxides show elevated proton conductivity in reducing atmosphere [10] - [13] but the compromise between conductivity and chemical stability is the most substantial challenges for those type of materials [14] - [16] .
The barium cerates (BaCeO 3 ) based materials exhibit mixed ionic (protons and oxide ions) conduction [17] , [18] as electrolytes. These materials show good sintering behavior and elevated ionic (proton) conductivity [11] , [19] however they are unstable under steam and CO 2 conditions lead to destroying the perovskite structure [20] , [21] . On the other hand the zirconates (BaZrO 3 ) do not sinter easily, and the maximum conductivities are only found when sintering occurs at or approaching 1700 °C [22] . Even after sintering at very high temperatures, the very poor grainboundary conductivity of these materials is a main problem; these materials do not provide appropriate performance for practical application. Although, the crystal component is difficult to resolve in polycrystalline samples, it does seem that this is only improved when heated at very high temperatures, above of 1600 °C. This appears to indicate that reaching of the utmost conductivities is influenced by some form of phase transformation or segregation or, as suggested by Snijkers et al. [23] by a slow kinetic process of water absorption.
The formation of solid solutions between BaCeO 3 and BaZrO 3 are comparably easily occurring. It is also possible to form a solid solution by replacing a desired fraction of Ce in BaCeO 3 with Zr and other element that exhibit both sufficient proton conductivity as well as adequate chemical and thermal stability over a wider variety of conditions appropriate to fuel cell operation [10] , [16] , [21] , [24] - [28] . It was found that doped zirconates gives improved chemical stability but reduced protonic conductivity compared to the doped cerates. To accomplish elevated ionic conductivity as well as sufficient chemical and thermal stability, the stability of doped barium cerates can be improved by doping of Zr at the B-site. But still it is difficult to develop the electrolyte material with low sintering temperature and high density which is very essential in SOFCs operation. The effect of Ba non-stoichiometry and Cr deposition, poisoning were studied on the Zr, Y co-doped BaCeO 3 based proton conductors and showed that the Ba non-stoichiometry influenced the electrical conductivity, especially with respect to grain boundary resistance and the Cr poisoning effect of the electrochemical performance of BZCY electrolyte [29] , [30] .
Despite the fact that the sintering temperature was still very high [31] , recently the partial substitution of Zr +4 cation into Ce +4 cation was reported as an electrolyte material and it was found the improved chemical stability [32] , [33] . It was a great challenge to process electrolyte material at low temperature to get desired result such as high conductivity, high density and chemical stability.
At high temperature sintering with long time heat treatment can be predicted the barium oxide evaporation and thereby decrease the conductivity, as has been detected in BaCeO 3 [32] , . But in the solid state synthesis using the barium excess of  10 mol% led to a higher conductivity [34] .
It is found among the perovskite oxides that doped barium cerates exhibit mixed oxide and proton ion conductivity [35] upon exposure to stream atmospheres. However, it is difficult to get high density of doped barium cerate or zirconate materials at a sintering temperature below 1400 o C.
Getting theoretical density above 90% of the material we need to sinter at high temperature (above 1400 o C) where Ba could evaporate to a certain degree [22] , [36] . To decrease the sintering temperature of ceramics materials, applying a sintering aid is one of the most effective ways [37] - [38] . In the previous years, to improve the sinterability of ceramic proton conductors, researchers have tried with different additives. The effect of MO x metal oxides (where M = Ti, Fe, Co, Ni, Cu, Zn) on the densification behavior found that the addition of small amounts of these metal oxides could lower the sintering temperature by 150-250 o C [38] . Further studies showed that the Cu and Zn containing materials have significantly higher conductivity than the others in both moistened air and humidified hydrogen atmospheres. However, adding of CuO led to the formation of a Ba 2 YCu 3 O x impurity phase [39] . On the other hand, under a reduced atmosphere the decrease of CuO to metallic copper is a large anxiety in practical fuel cell applications. Therefore, as a sintering aid ZnO in doped BaCeO 3 -BaZrO 3 , is the most encouraging metallic oxide. Formerly, the sintering behavior of proton conductors with ZnO as a sintering aid was investigated by many researchers [38] , [39] - [43] . Most of those researchers usually examined the sintering behavior of thick pellets [38] , [39] , [41] - [43] but applying such electrolytes in real fuel cell fabrication was rare.
In order to solve the density and high sintering temperature issues, Zn was introduced into Y and Zr that these oxides also exhibit mixed proton and oxide ion conductivity upon exposure to humid atmosphere [20] . Proton conductivity can be significantly improved by doping various rare earth ions such as Y, Yb, Eu, Gd, Nd, etc. or using Sr [14] , [21] [22] [23] [24] [25] [26] , [44] [45] [46] . Recently, we have proved that Zn doped Barium Cerium Zirconium Yttrium Oxide (BCZYZn) offers high proton conductivity and high stability as being electrolyte for proton conducting SOFCs [47] . As the physical and electrochemical property of materials depends on the composition, we worked on other compositions with Zn-doping. reports [48] , [49] and another report [50] showed the influence of ZnO addition on the properties of high temperature proton conductor Ba [51] . In this study we have varied the weight percent of Zn instead of Y to find the optimum percentage of Zn doping and the structural, physical and electrochemical properties were investigated to find their potential use in IT-SOFCs.
Experimental

. Synthesis of the materials
The BaCe 0. hours inside the furnace in air atmosphere with the same heating and cooling rate (5 °C/min).
. Characterizations of the materials
The D8 Advanced Bruker XRD system was used for X-ray diffraction experiments on the samples Thermogravimetric analysis (TGA) was performed to study the chemical stability of the materials.
The TGA data were collected for the powder samples in pure CO 2 environment with a heating rate of 5 °C/min from 30 to 1000 °C. The samples were kept isothermally for 30 min at the final temperature and then cooled down to 50 °C at the same rate with the CO 2 flow rate of 50 ml/min for both the carrier and protection. The XRD scans were done on the TGA samples to check any phase change after the TGA experiments. The thermal expansion coefficients of the materials were investigated by using temperature programmed SETARAM Instrumentation-SETSYS Evolution TMA S60 under the argon gas environment. Fig. 1 shows the Rietveld refinement of the room temperature XRD patterns of BCZYZ samples after sintered at 1200 o C. The X-ray diffraction patterns confirm the single phase perovskite structure for all the four samples after Rietveld analysis and the peaks positions are matching with the BCZYZ in the literature [47] . All samples exhibit the orthorhombic symmetry with the Pbnm space group. For creating the diffraction outlines in the data refinement process this space group has finally been used after vindicated with several additional crystals symmetries and space groups.
Results and discussion
. The phase analysis
In Table 1 , the refinement parameters are listed. It is found in the Rietveld refinements results that the cell parameters of the crystal decrease with the increasing of zinc content which is due to the doping of smaller ionic radius of Zn (radius of Zn 2+ = 0.74 Å, coordination number (CN) = 6) than yttrium (radius of Y 3+ = 0.90 Å, CN = 6). Table 1 . Cell parameters, atomic positions, oxygen occupancy, R-factors and densities of BCZYZ from the Rietveld analysis of the XRD data.
Quantity Results
Unit cell parameters (Å) BCZYZ 1: a = 6.0981(9), b = 6.102 (7) and the relative density increased by increasing the Zn concentration. These relative densities are higher than that of the samples BCZYZ in the literature [47] . It was found that increasing in Zn content reduce the sintering temperature but increase the density of the materials. As shown in images of 2 (a-d), it is observed that the reporting BCZYZ samples show the zinc replacement make the materials highly dense and the density of the materials increases with increasing the Zn. In the SEM morphology, the bigger grain offers less overall grain boundary resistance and was found that Zn can be added to the structure by doping or can be used as sintering additives [43] . In this reporting composition, Zn has lower melting temperature ( (reported 1.7 μm, sintered at 1600 °C for 8 h), BZCYYb (1.0 μm, sintered at 1400 °C for 5 h) [60] , [61] or, BCZYZ (about 1 μm, sintered at 1400 o C for 22 h) [47] were very good too; but the sintering temperatures were higher than our reporting temperature. It is found in our reporting compositions that the doping of zinc is helpful not only for good densification but also for lowering the sintering temperature. Table 2 shows the elemental distribution from energy dispersive X-ray analysis (EDX) of BCZYZ materials which are very close to the calculated value from the chemical formula (%F). It is observed from the EDX analysis that the reporting BCZYZ materials have close ratio of elements to the calculated values with the chemical formula; i.e., the elemental distribution of BCZYZ by formula and EDX analysis show the same values (both in weight and atomic compositions). Any impurity phase (unreacted materials of ingredients chemicals) was not observed from EDX studies or it must be below the detection limit of our instrument. As no extra phase were found in EDX analysis, it can be mentioned that there are no unreacted particles in the materials after solid state reaction sintered at 1200 o C which was confirmed from the Rietveld refinement of the XRD data (section 3.1, the phase analysis).
SEM analysis
Distribution of particle size
The particle size distribution of BCZYZ was investigated in powder form after final sintering at In Fig. 3 it is found that the sizes of the particles decrease with Zn concentration indicating that the particle size of the material depends on the diameter of the particle as well as unit cell volume. The diameter range of BCZYZ particles remain within 0  2.3 m. The metallic oxide particles addition not only raises the diffusion of water into the growing material due to its advanced hydrophilic property but also affects the interaction between the material particles and solvent molecules by the hindrance effect of the particles. atmospheres, in the temperature range of 600 °C -1000 °C. Table 3 shows the conductivity and activation energy for the compositions of BCZYZ. As in 5%
Electrochemical impedance spectroscopy (EIS)
wet H 2 the conductivity is higher than that of dry, activation energy of 5% wet H 2 material is lesser than that of dry H 2 owing to the atoms in composites accomplish their ability to conduct ion The protons in proton conducting perovskites, at elevated temperatures are hypothetically follow the Grotthuss mechanism [62] and passage in the subsequent steps: i) a proton in connections with a permanent oxygen atom; ii) under the effect of the adjacent oxygen atoms the proton oxygen bond reorients; and finally iii) the proton starts to vibrate among the two oxygen atoms and ultimately migrates to the adjacent oxygen [63] , [64] . respectively which has worthy settlement with the experimental effects [65] . A higher negative value of the binding energies will be observed for a further stable state of hydroxyl  dopant pair.
The conductivity is higher in wet H 2 than in dry indicating proton conduction. In general, the wellsintered samples of BCZYZ exhibit much higher conductivity than the less dense materials under the same conditions. The conductivity of the BaZrO 3 based proton conductor stalwartly depends upon materials synthesis and the determining environments. High total conductivity is preferred for the electrolyte of any real electrochemical cell. From this point of view, BCZYZ 2 displays the utmost total proton conductivity amongst the materials studied here.
The conductivity of the well-sintered sample BCZYZ is much higher and at low temperature, the conduction of proton is limited by the grain boundary rather than the bulk. At high temperature in the presence of steam, both the bulk and grain boundary conductivities are enhanced. The at high temperature grain boundary resistance is insignificant for the well-sintered sample. The total conductivity of BCZYZ reaches much higher than 1.0  10 -3 S cm -1 at and above 600 o C.
According to our results listed in Table 3 , the conductivities in wet 5% H 2 is higher than dry 5% H 2 at 600 and 700 o C for all samples. Dry H 2 is not 100% dried and H 2 itself can convert to proton to conduct. In every literatures measuring conductivity in dry H 2 or Ar have some conductivity but less than wet condition [15] . The optimum highest temperature for protonic conduction is 700 o C.
There can be some protonic conduction at 1000 o C which must be negligible.
After the conductivity analysis it can be observed that Zn doping is very significant for densification and lowering the sintering temperature, as well as grain growth but it is very important to know the optimum doping percentage. From this study we have found that the optimum doping is 10 wt %; after this range for our reporting compositions the grain size and densification become higher but conductivity becomes lesser. The conduction mechanism can differ from proton to oxide ion which might be related to the small change in thermal expansion at high temperature (> 750 o C).
Thermomechanical analysis
Chemical stability
The cerium based proton conducting electrolyte materials have some challenges in its stability in The samples of higher Zn content (BCZYZ 4) was found relatively more stable than the less Zn content and no peaks were observed in XRD in any of the sample after the TGA experiments (as shown in Fig. 7 (b) ) i.e., the original structures were unaffected by the experiment in CO 2 atmosphere. There is a small weight gain of  0.6% after stability test as can be seen from curve of Fig. 7 (a) heating/cooling rate of 5 °C/min, the weight gain was more than 9% [41] . TGA curves of our materials showed weight increase from 0.59% to 2.19% during the cooling cycle in CO 2 . Actually the small increase in weight does not mean the samples are unstable. So we put the TGA samples in CO 2 atmosphere for duration of 10 days and repeated the XRD to check the stability. In XRD patterns no extra or impurity peak was found after TGA and hence the materials are stable. For unstable case, materials will decompose to BaCO 3 in CO 2 atmosphere and XRD peaks would differ (before and after TGA). Actually the smaller weight gain is better but the weight gains in these samples are within the limit.
Since BCZYZ samples have no extra peak, it is highly stable. Below the carbonation, say up to 800 °C, heating a proton conducting electrolyte material in CO 2 is not a good representative for its chemical stability testing and that's why several recognized proton conducting electrolyte materials like BZCY and BZCYYb were primarily reported to be stable in CO 2 , but later when tested at higher temperatures were found to be unstable [12] , [56] , [60] . Hence it is vital to test chemical stability in CO 2 up to 1000 °C for proton conductors.
Conclusions
The X-ray diffraction patterns of BCZYZ confirm that the samples are in single phase orthorhombic perovskite structure with Pbnm space group and high relative density and its sintering temperature is lower (1200 o C). The SEM images show that the materials are highly dense and having larger morphology. The TGA and TMA analyses show that the samples are stable in nature,
indicate that the samples prepared in the solid state reaction successfully completed at this temperature. The particle size distribution shows that the increase in Zn content decreases the size of the particle. The Zn addition has a very significant effect for improving the densification, grain morphology and lowering the sintering temperature; the optimum percentage of doping was 10 wt % and higher addition of Zn decreases the conductivity. In wet hydrogen atmosphere the total conductivity of BCZYZ 2 is 8.6  10 -3 S cm -1 at 600 o C which is good for applications in ITSOFCs. It might be used as promising proton-conducting electrolyte for other electrochemical devices as well.
